(Received for publication 23 March 1966) The chemical study of the structure of Bence Jones proteins promises to clarify some aspects of the molecular basis of the immune response. The immunoglobRlins produced by one individual in response to an antigenic stimulus are in general a heterogeneous collection of molecules, which cannot be presently separated and individually studied (1). The pathological immunoglobulin and the Bence Jones protein of an individual with mydoma belong in the majority of cases to a single molecular species, since these abnormal proteins are produced by ceils which derive from a single tumoral done (2). The Bence Jones proteins correspond to the light chains of pathological immunoglobulins and appear to have physicochemical and serological properties in common with the light chains of physiological immunoglobulins (3-S).
Two distinct types of Bence Jones proteins have been recognized; K and L. Both types have apparently a common structural feature: the N-terminal half of their amino acid sequence is variable, whereas the C-terminal half is common (6, 7) . This observation has been supported by sequence studies for the K type Bence Jones proteins (6, 7) and is based on a characteristic C-termlnal sequence (8) and the isolation of subunits corresponding to the variable part for the L type proteins (9) .
Considerable interest has been devoted to the study of the variable region of the Bence Jones proteins. The analysis of the sequence of this variable part has made it possible to eliminate some of the genetic mechanisms (10) which have been proposed to account for the indefinite number of antibody molecules found, and the paradoxical control by allelic genes of theimmunoglobulin structure (11) . However, several parameters, which are of importance in this study, have not yet been determined for a large number of proteins. The study of the heterogeneity of Bence Jones proteins, including the number of amino acids which are different between proteins of the same immunological type and their location along the sequence, appears to be essential for the ducidation of the genetic mechanisms which determine their structural variations. These mechanisms may be identical with those which determine structural and functional variability of antibodies.
have been purified by gel filtration on Sephadex G-100 after reduction in 8 ~r urea and aminoethylation (12) . Some of the chromatographic patterns observed are shown in Fig. 1 . In the majority of cases two or three protein peaks were resolved by gel filtration. The first peak eluted, which was not retarded by gel filtration, was found to contain albumin. The fingerprints of the protein from the first peak of protein 21 ( Fig. 1) were indistinguishable from fingerprints of aminoethylated human albumin.
A peak of protein slightly retarded by gel filtration (Rj = 0.83) was observed in some chromatograms (i.e. proteins 20, 21, and 22 of Fig. 1 ). One pathological protein, the macroglobulin 41, and pooled human 3,G-immunoglobulin were examined by the same method of analysis. These proteins separated into one heavy chain and one light chain peak with an R,, of 0.80 and 0.60 respectively. A minority of the proteins analyzed were etuted as a single peak with an Ri of 0.59 from the Sephadex G-100 column. In those cases where the serum of the patient was available for electrophoretic analysis, a correlation was found between the absence of a pathological immunoglobulin in the serum and the presence of one peak of protein only in gel filtration analysis. The elution of Bence Jones proteins in a single peak (proteins 32, 37, and 49 of Fig. 1) , showed that the procedure used to reduce and aminoethylate the urinary proteins was ade-FIG. 2. Starch gel electrophoresis in 8 ~ urea (pH 8.6) of aminoethylated Bence Jones proteins. The numbers refer to the specimens described in the text and in Table II and IV. quate. Bence Jones proteins are usually dimers of 44,000 mol wt, which yield upon reduction 22,000 tool wt monomers (16) .
In some of the proteins analyzed (proteins 36 and 38 of Fig. 1 ) a peak with an Ri of 0.46 separated from the Bence Jones protein. Since this protein is eluted after the Bence Jones protein, it has presumably a smaller molecular weight than the Bence Jones protein. Preliminary fingerprinting studies (9) have shown that the protein of this peak contains approximately half of the tryptic peptides present in the Bence Jones protein isolated from the same specimen. A detailed investigation of the physicochemical, immunological, and chemical characteristics of the protein of this peak will be reported elsewhere (17) .
Electrophoretic Analysis of Bence Jones Proleins.--Aminoethylated Bence
Jones proteins, purified by gel filtration, have been analyzed by starch gel electrophoresis (13) . Aminoethylated human L chains, prepared from pooled 3,G-immunoglobulins, were used for comparison. These light chains separated in electrophoresis into eight or nine bands, which moved toward the cathode, because of the positive charges introduced by the aminoethylation (one amino group per -SH group). Carboxymethylated light chains move in the same electro phoresis buffer partly toward the anode and partly toward the cathode (13) . The aminoethylated Bence Jones proteins migrated in most cases as one major band, corresponding in electrophoretic mobility to one of the bands of the light chains, and as one or sometimes more minor bands (Fig. 2) . This pattern was essentially identical to that observed by Cohen and Porter (13) with carboxymethylated light chains and Bence Jones proteins. About half of the 45 proteins analyzed in the present study have been examined by electrophoresis. When it was realized that no correlation could be established between the electrophoretic mobility of one protein and the immunological type or the fingerprinting pattern, the electrophoretic analysis was discontinued. The common peptides of the K type BJ proteins have been identified with the peptides of the common sequence of the K-chain by isolating and analyzing each peptide (18) . These peptides have been designated in Fig. 7 and Table I by the same convention which has been used with the tryptic peptides of the hemoglobin chains. Only the common peptides can be designated by a common terminology in BJ proteins; thus the N-terminal peptide of the common sequence is designated K 1, the peptide next to it K 2 and so on. The two peptides which originate from the splitting of a peptide bond where aminoethylcysteine occurs in the amino acid sequence, are designated with the letters N and C; the N peptide is the one with COOH-terminal aminoethylcysteine.
All the common peptides except one have been found in fingerprints and isolated from the tryptic digest soluble around neutral pH. The peptide which is not observed in fingerprints is presumably precipitated with the variable amount of "core" which is removed from the digest before fingerprinting (12) . All common peptides gave identical staining reactions in the fingerprints; these FIGS. 4 to 6. Tracings of fingerprints of type K Bence Jones proteins (except proteins 1 and 7 of Fig. 6 , which are of type L; photographs of some fingert~rints are shown in Fig. 3 ). The common tryptic peptides are indicated by dotted contour lines, whereas the distinctive tryptic peptides (see text for explanation) are indicated by solid contour lines. The distinctive peptides are numbered arbitrarily; the specific staining reactions of the distinctive peptides of type K proteins are described in Table I 
TABLE I Common Peptides of K Type Bence Jones Proteins
Peptide designation Specific staining reactions Position in the K-chala* f Table I . I t may thus be assumed with reasonable assurance that the common peptides are identical in all the BJ proteins examined. Variations in the position of one common peptide have been detected by inspection of the fingerprints and have been shown to be caused by the interchange of one amino acid (19) . This amino acid change is correlated with the Inv(a) serological specificity of the K type BJ proteins (19) . Other similar interchanges may escape detection by the fingerprinting analysis; it seems likely, however, that these hypothetical single amino acid interchanges may be caused by genetic variability of the same type as that observed with human abnormal hemoglobins (20) and are the expression of "true" allelism (21) . 1-2 1-3-11 1-3-9 1-11-12 3 3-9 2-7 2-12 5-12 5-13 1-3-5 1-2-5-7 3-5-9 1-13 7-15 2-6 1-3-12 4--5-13 2-9 6-7-9-16 2-6-9 1-10 3 1-8 2-4-6-10 4-8 2-3-6 2-3-5-10-12 3-4-6--9-11-13 3-9-10 2-4 2-9 4-5-10 7-12-14 6-17 2-7 2-4-6-8 3-4 1-11 1-4-6 1-5-8-9-10-11 5-6-7-9 1-5-6-7-8 1-5-6 2-6-8-9 1-2-3 1-3-4-5-10 1-7-8 1-4-6 1-6-8 2-8 1-2-6-8-10 2 1-6-7 1-2-4-9-11 1-2-5-6-7 4-6-8-10 1-2-7 3-6 5-6 1-6-7 1-2-7
A comparison of the patterns of the distinctive peptides shows that no one BJ protein is like any other of the proteins analyzed. The differences observed are in the number, in the position in ionophoresis and chromatography of peptides, and in the content of specific amino acids. The distinctive peptides have been arbitrarily numbered in Figs. 4 to 6. Their' specific staining reactions are indicated in Table II . These staining reactions are particularly indicative of the degree of variability among BJ proteins.
Only nine proteins of the 25 analyzed have shown a histidine-containing peptide among the distinctive peptides. Tryptophan is present in the distinctive peptides of 11 proteins only; three of these proteins have two and one has three tryptophan-containing peptides. Arginine-and tyrosine-containing peptides are always present in variable number; from one to six distinctive peptides conmining tyrosine or arginine are observed in different proteins.
Similarities between peptide patterns can be observed: a peptide containing arginine and probably methionine is observed in several fingerprints in the same position. This peptide has been isolated and analyzed (18) in two proteins (BJ 4 and BJ 26) and it has been found to correspond to the N-terminal peptide of BJ proteins Roy and Ag (6--7). Other proteins which show a similar peptide are: 5, 14, 31, 33, 41, 48, and 53. This peptide separates frequently into two spots in chromatography; only the spot with the higher RI gives a positive reaction for reduced sulfur. This behavior is characteristic of methionine-containing peptides; part of the methionine becomes oxidized to methionine sulfoxide and the corresponding peptide has a lower RI and does not react with the platinic iodine reagent (15) . A peptide which gives a positive reaction for reduced sulfur was observed in 13 proteins out of 25 to overlap the common peptide K 4; this peptide is recognized only by the specific staining reaction. It has, however, been observed in the fingerprints of "subunits" of type K BJ proteins (9) . When isolated from protein BJ 26, this peptide was shown to contain aminoethylcysteine, and gave the aminoacid composition expected for the sequence 19-23 (Val Thr Ill Thr AECys) (10) . One negatively charged peptide containing tyrosine and presumably aminoethylcysteine was observed in 13 fingerprints; this peptide may tentatively be identified with the peptide containing as C-terminal the cysteine residue 86, which, as shown by Milstein (10) is next to a tyrosine in the sequence.
Very few type K BJ proteins contain histidine in their distinctive peptides; moreover, the histidine-positive peptides, when present, appear to be located in different positions of the fingerprint. One exception is found in proteins 36 and 73, which show a peptide containing histidine and reduced sulfur in identical position. Of the eleven proteins which gave a positive reaction for tryptophan in one or more distinctive peptides, three showed a tryptophan-and tyrosinecontaining peptide in a corresponding position of the fingerprint. Of the other proteins four showed one peptide containing tryptophan and tyrosine but in different position. It seems likely that this peptide corresponds to the sequence around residues 35-36, which in the proteins Roy and Ag are tyrosine and tryptophan (7) . A tryptophan-containing peptide was found in essentially the same position in three proteins (BJ 19, BJ 33, and BJ 45). Other tryptophancontaining peptides were unique in their position in the fingerprints.
The number of peptides containing arginine is quite variable as is that of the tyrosine-contalning peptides. Similarities in these peptides are not striking: It cannot be presently excluded that some of the peptides defined as common, actually belong to the variable part of the sequence, if they occur in a region which happens not to show variability in the proteins examined. It is relevant to point out, however, that the set of common peptides corresponds to those peptides which are not observed in the fingerprints of the "subunits" of type L BJ proteins (9) . This observation supports the idea that all the common peptides are in sequence and that this sequence is the C-terminal of the proteins
(8).
The specific staining reactions of the common peptides of type L BJ proteins are reported in Table III . Although the separation of the spots in the fingerprints of type L BJ proteins is not as good as in the fingerprints of type K proteins, most of the common peptides could be recognized by the characteristic staining reactions. This is the case for the three tryptophan-containing peptides CA4, ),5 and X6), the pepfide containing histidine (X2) and that containing aminoethylcysteine CA3), which are not well resolved within the band of the peptides uncharged at the neutral pH of the ionophoresis buffer.
The peptides identified as distinctive have been arbitrarily numbered (Figs. 6, 9, and 10); their specific staining reactions have been indicated in Table IV . Only five type L B~[ proteins showed one histidine-containing peptide in fingerprints among the distinctive pepfides. All the proteins showed one or more distinctive peptides containing reduced sulfur; the amino acid which gives a positive reaction for reduced sulfur can be identified in most cases with aminoethylcys-FIGS. 9 and 10. Tracings of the fingerprints of type L Bence Jones proteins (photographs of some fingerprints are shown in Fig. 8 ). The common tryptic peptides are indicated by dotted contour lines, whereas the distinctive tryptic peptides (see text for explanation) are indicated by solid contour fines. The distinctive peptides are numbered arbitrarily; the specific staining reactions of these peptides are described in Table IV It is important to point out that this peptide is present in the "subunit" of two L type BJ proteins; as already mentioned, these subunits have been found to contain only distinctive peptides (9) . One more distinctive peptide, which gives a positive reaction for reduced sulfur is observed in the band of uncharged peptides in 13 proteins; in some proteins this peptide gives a positive reaction for arginine (protein 22, 30, and 51) or for arginine and tyrosine (protein 12). In two other proteins a positively charged distinctive peptide, which gives a positive reaction for reduced sulfur, is observed. One distinctive peptide which gives a positive reaction for tryptophan and is negatively charged in ionophoresis is observed in 9 proteins. One distinctive peptide containing tryptophan is observed in the band of neutral peptides in five proteins; other tryptophan-containing distinctive peptides seem unique in their position in ionophoresis and chromatography. One arginine-containing distinctive peptide is found in 12 proteins in the band of uncharged pepfides; this peptide, however, contains in many cases tyrosine and/or aminoethylcysteine and in one case tyrosine and tryptophan.
No similarities were observed in the other distinctive peptides containing arginine or tyrosine. Most type L BJ proteins show two distinctive pepfides 
DISCUSSION
Previous fingerprinting studies of human (22) and mouse (23) BJ proteins have indicated the presence of common and distinctive peptides in these proteins. It was pointed out that the fingerprinting patterns of individual proteins were unique and that all the proteins examined differed in multiple positions (22, 23) . More BJ proteins have been examined in the present investigation than previously by other authors; the present results have confirmed and strengthened their observations. It has also been possible to correlate in part the fingerprinting pattern with the amino acid sequence of K type BJ proteins.
The fingerprinting analysis of BJ proteins may help in establishing similarities and differences in the amino acid sequence of these proteins. Particularly interesting are the similarities which are found in the distinctive peptides. One common feature of BJ proteins is the presence of'three cysteine residues in the common sequence; the C-terminal cysteine in type K BJ proteins and the cysteine next to the C-terminal amino acid in type L BJ proteins form an --S--S--bond with the heavy chains of immunoglobulins, whereas the two other cysteins form an internal --S--S--bond (8) . Two cysteine residues seem to be present in the distinctive part of the sequence. Of the 25 type K BJ proteins analyzed, all but two have shown two or more sulfur-containing pepfides; two of these pepfides are likely to contain the cysteines,which have been located in positions 23 and 86 (10) . Of the 20 type L BJ proteins analyzed, 15 proteins have shown two or more peptides containing sulfur. It seems possible that some sulfur-containing peptides are not observed in the fingerprints, because they are not soluble at the pH of the ionophoresis and are removed with the insoluble material, which precipitates in variable amount at the end of the tryptic digestion. The sulfur-containing distinctive pepfides show some obvious similarities in both type K and type L BJ proteins. These similarities may reflect a relative constancy of the amino acid sequence around the cysteine residues.
The variation in the amino acid sequence observed within one region may be dependent upon the importance of that region in contributing to the proper folding of the protein and in determining the biological activity of the protein.
The cysteine residues may be of relatively more importance in the formation of a properly spaced--S--S--bond and the amino acid sequences around the cysteines be thus subjected to limited variations (10) .
High variability exists in other stretches of the distinctive amino acid sequence, even though some similarities may appear on comparing the fingerprinting patterns. This is the case of the peptide identified as the N-terminal of the type K BJ proteins and of a tryptophan-containing peptide in type L BJ proteins. Apart from these pepfides, which are frequently observed, the other peptides show an apparently random variability. This is an indication that several amino acid differences exist between BJ proteins of the same antigenic type and that these amino acid differences are scattered along the distinctive amino acid sequences.
The minimal number of amino acid differences between two BJ proteins can be established by a comparison of the fingerprints. Differences in the fingerprintLug pattern necessarily reflect differences in the amino acid composition of the peptides and in the distribution of lysines, arginines, and aminoethylcysteines along the sequence. It seems relevant to point out that some BJ proteins of the same antigenic type have been found to differ in all the distinctive peptides. This is the case of proteins 6 and 26 (type K) and of proteins 22 and 44 (type L). Since these proteins differ in all their distinctive peptides, the minimal number of amino acid differences must be at least close to the number of distinctive peptides observed in fingerprints: 13 in the case of proteins 6 and 26, and 15 in the case of proteins 22 and 44. It seems likely that the actual number of amino acid differences may be higher; one third to one half of the amino acid residues of the distinctive sequence may possibly be different between some BJ proteins of the same type.
An average of 12 distinctive peptides are observed in fingerprints of type K proteins and an average number of 13 in fingerprints of type L proteins. Of these peptides an average number of 9 are different between any two proteins, with a minimal value of six differences found in a few cases and a maximal value corresponding to the number of distinctive peptides present in fingerprints for some proteins. In no case have two proteins been observed which differ in one or two peptides only. This is further evidence for the presence of multiple amino acid differences in BJ proteins.
The finding in the urines of some patients with myeloma of isolated "subunits" of BJ proteins, corresponding to the distinctive amino acid sequence of BJ proteins (9), has suggested the possibility that these "subunits" are synthesized separately from the common amino acid sequence. These hypothetical distinctive pepfide chains may then be joined to common peptide chains to form a light chain by some specific mechanism. One possible consequence of this hypothesis is that random combination of distinctive subunits with either K or L common subunits may be possible. However, the pattern of the distinctive pepfides of type K proteins can be distinguished from the pattern of distinctive peptides of type L proteins in all the cases examined, by one of the following criteria: (a) the presence of one or the other of the distinctive peptides which show similarities to other peptides of type K or L BJ proteins (i.e. the cysteinecontaining peptides); (b) the absence in K type BJ proteins of any distinctive peptide, which is similar in position or in specific staining reactions to an L type peptide, and vice versa; and (c) the fact that proteins of the same immunological type, even when different in all their distinctive peptides nevertheless show similarities to other proteins of the same type in at least some of their distinctive peptides. Thus it seems unlikely that the distinctive amino acid sequence of one type of BJ proteins can be found associated with the common amino acid sequence of the other type of BJ proteins. It is, however, impossible to exclude on this ground that the distinctive part of the amino acid sequence is synthesized separately from the common part. Steric hindrance factors or some other structural or functional requirements may exclude the combination of distinctive "subunits" of one type with common "subunits" of the other type.
The considerable amount of analytical work done on Bence Jones proteins in the present and in previous investigations, is justified by the role that these proteins may have in explaining the genetic mechanisms which determine the structure of antibodies. Theories on antibody synthesis have postulated different mechanisms to explain the acquisition of the numerous binding specificities which are observed in higher organisms (24) . These antibody specificities reflect differences in the primary structure of the immunoglobulin molecules (2, 5). However, variations in the amino acid sequence of immunoglobulins have been described so far only in BJ proteins (6, 7) ; it is not yet demonstrated that these variations are analogous to those postulated in antibody sequences. It may be supposed, in any case, that the mechanisms which cause variation in the BJ proteins are of the same type as those which cause variation in antibody chains.
Genetic mechanisms postulated for the somatic variation of the genes for the peptide chains of antibodies include: point mutation, chromosomal rearrangements, multiple crossings-over, and combinations of these processes. These or similar mechanisms may equally well operate in the germ line to produce genetic variants in a large set of duplicate genes. Whichever theory is favored, somatic variation of a few genes or a large set of duplicate genes, the mechanisms responsible for the differences in the amino acid sequence of light chains are subject to some stringent restrictions: they must produce considerable variation in one half of the amino acid sequence, while leaving unchanged the other half of the sequence (with the possible exception of some occasional mutations; i.e., that responsible for the Inv specificity). These mechanisms do not result in a random variation of the amino acid sequence, since some regions of the distinctive part show less variability than other regions. It cannot be excluded, however, that immunoglobulin genes, which are mutated in the region corresponding to the common amino acid sequence or in regions of relative constancy, may be subjected to selective mechanisms which do not allow unfavorable gene products to be synthesized. If this were the case, and one can visualize antigens as elements which induce the synthesis of only those immunoglobulins "fit" to bind them, several of the products of random variation will be nonfunctional and be set aside. Thus, mechanisms of random somatic variation may result in the formation of a large number of useless genes.
Alternatively, variations in a large set of genes may have developed by the same mechanisms which have been postulated to operate in somatic variation, but, in addition, gene duplications and chromosomal rearrangements, such as those suggested for human haptoglobins (26) and hemoglobins (20, 27) , may provide some dispensable gene copies, which can be modified by evolutionary changes without any sensible loss of already acquired functions.
Sequence studies of BJ proteins have recently provided evidence that chromosomal rearrangements and multiple crossings-over cannot be the cause of the variation in amino acid sequence of BJ proteins (10) . The only genetic mecha-nism which may explain the differences in sequence observed is multiple point mutation. One logical prerequisite of any genetic mechanism is, however, the separation at the chromosomal level between the genetic material corresponding to the common part of the sequence and that corresponding to the distinctive part of the sequence. It seems presently that the only conclusive evidence regarding this point may come from experiments on the synthesis of the peptide chains of immunoglobulins. Experiments similar to the one carried out by Dintzis (28) for the synthesis of the peptide chains of hemoglobin, may indicate whether there are one or two points of initiation of chain synthesis in light chains of immunoglobulins.
s~Y
Urinary proteins of patients with myeloma, prepared by precipitation with ammonium sulphate, have been separated by gel filtration on Sephadex G-100 after reduction and aminoethylation. Many specimens separated into a major peak of Bence Jones protein and into minor peaks of albumin, a protein tentatively identified with heavy chain and a smaller molecular weight protein corresponding to the variable portion of the corresponding Bence Jones protein.
The Bence Jones protein purified by gel filtration was analyzed by electrophoresis and by peptide mapping after tryptic digestion. The peptide maps of 24 type K and 20 type L Bence Jones proteins were compared.
A set of common peptides was identified in the peptide maps of the Bence Jones proteins of the same type; the common peptides of type K proteins were completely different from the common peptides of type L proteins. The patterns of distinctive peptides was compared; no similarities were found between distinctive peptides of type K and of type L proteins. Some similarities were observed in the distinctive peptides of proteins of the same type. The similarities involved in many cases peptides containing cysteine, whereas similarities in other peptides were limited. This observation suggested that the amino acid sequence around the cysteines of the variable NH2-terminal half of the Bence Jones proteins may show less variability than other sequences. A few proteins of the same type differed in all their distinctive peptides, an indication that multiple amino acid differences exist between individual Bence Jones proteins.
The genetic mechanisms responsible for the variability in the amino acid sequence of the NH~-terminal half of the light chains of immunoglobulins are discussed in view of the results of the comparison by peptide mapping of the Bence Jones proteins. BIBLIOGRAPHY 1. Nisonoff, A., and Thorbecke, G. J., Immunochemistry, Ann. Ray. Biochem., 1964, 33, 355. 2. Osserman, E. P., and Takatsuki, K., Plasma cell myeloma: gamma globulin synthesis and structure, Medicine, 1963, 42, 357.
